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ABSTRACT
Recent observational and theoretical studies indicate that the stellar initial mass function (IMF) varies systematically with the envi-
ronment (star formation rate - SFR, metallicity). Although the exact dependence of the IMF on those properties is likely to change
with improving observational constraints, the reported trend in the shape of the IMF appears robust. We present the first study aiming
to evaluate the effect of the IMF variations on the measured cosmic SFR density (SFRD) as a function of metallicity and redshift,
fSFR(Z,z). We also study the expected number and metallicity of white dwarf, neutron star and black hole progenitors under dif-
ferent IMF assumptions. Applying the empirically driven IMF variations described by the integrated galactic IMF (IGIMF) theory,
we correct fSFR(Z,z) obtained by Chruslinska & Nelemans (2019) and find lower SFRD at high redshifts as well as a higher frac-
tion of metal-poor stars being formed. In the local Universe, our calculation applying the IGIMF theory suggests more white dwarf
and neutron star progenitors in comparison with the universal IMF scenario, while the number of black hole progenitors remains
unaffected.
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1. Introduction
The distribution of the cosmic star formation rate density
(SFRD) at different metallicities and redshifts, fSFR(Z,z), is a
necessary ingredient e.g. to estimate the rate of occurrence of
any stellar or binary evolution related phenomena. Among those,
double compact object mergers and long gamma ray bursts are
particularly sensitive to metallicity and their inferred rates, as
well as the properties of their progenitor systems can vary sig-
nificantly depending on the assumed fSFR(Z,z) (e.g. Chruslinska
et al. 2019; Neijssel et al. 2019). Understanding the uncertainty
of this distribution may be crucial to correctly compare the the-
oretical estimates of the properties of those objects with obser-
vations and learn about the physics behind the formation and
evolution of their progenitors.
Recently, Chruslinska & Nelemans (2019; hereafter ChN19) en-
deavoured to find the observation-based fSFR(Z,z) distribution
and to evaluate its uncertainty due to the currently unresolved is-
sues involved in the observations of star forming galaxies. These
include the unknown source of differences between the metallic-
ity estimates obtained with different calibrations (e.g. Maiolino
& Mannucci 2019), the poorly constrained low mass end of the
galaxy stellar mass function (e.g. Conselice et al. 2016) and the
shape of the high mass end of the star formation – mass rela-
tion (SFMR; some studies report the flattening of the high-mass
part of the relation e.g. Whitaker et al. 2014; Lee et al. 2015;
Tomczak et al. 2016, while other find no evidence for such a
flattening, e.g. Speagle et al. 2014; Pearson et al. 2018)
ChN19 assume an universal, Kroupa (2001) initial mass function
(IMF) but remark that the systematic variations in the IMF with
the star formation rate (SFR) or/and metallicity (Z) may have a
significant and non-straightforward impact on their results. How-
ever, the uncertainty of fSFR(Z,z) coming from this assumption
could not be evaluated.
In fact, systematic variations of the IMF are expected on theo-
retical grounds (Larson 1998; Adams & Fatuzzo 1996; Adams
& Laughlin 1996; Dib et al. 2007; Papadopoulos 2010) and have
now been reported in many observational studies (see e.g. re-
views by Kroupa et al. 2013; Hopkins 2018). There is obser-
vational indication of a top-heavy IMF in low metallicity and
high gas density or high star-formation rate systems (e.g. Mat-
teucci 1994; Dabringhausen et al. 2009; Papadopoulos 2010;
Marks et al. 2012a; Dabringhausen et al. 2012; Zhang et al.
2018; Brown & Wilson 2019; Kalari et al. 2018; Schneider et al.
2018), top-light IMF in low star-formation rate systems (e.g. Lee
et al. 2009; Meurer et al. 2009; Watts et al. 2018), bottom-heavy
IMF in metal-rich environments (e.g. Kroupa 2002a; Marks et al.
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2012a; Conroy et al. 2017; Martín-Navarro et al. 2015). A time-
variable IMF changing with evolving environmental properties
is needed in order to explain all observational constraints (such
as low-mass spectral features and chemical abundances, such as
[Mg/Fe], e.g Vazdekis et al. 1997; Weidner et al. 2013a; Ferreras
et al. 2015; Gargiulo et al. 2015; Fontanot et al. 2017; Jerˇábková
et al. 2018). A promising method to model the IMF variations,
building on the integrated galactic IMF theory (IGIMF) put for-
ward by Kroupa & Weidner (2003), has been recently developed
by Yan et al. (2017); Jerˇábková et al. (2018); Yan et al. (2019b).
In this contribution we aim to evaluate the possible impact of the
SFR- and metallicity-dependent IMF on the fSFR(Z,z). We com-
bine the method described in ChN19 with the IGIMF, using the
SFR and metallicity dependent IMF model from Jerˇábková et al.
(2018). Our approach is summarised in Section 2. Our results
are shown in Sec. 3; we focus on the differences in the fSFR(Z,z)
obtained in this study with respect to the distributions found in
ChN19.
In general, the effect of the transition from an universal to non-
universal IMF will be different for stars forming in different mass
ranges. Therefore, we also discuss the implications of the em-
ployed non-universal IMF model for the expected number and
metallicity of stars forming in different mass ranges across the
cosmic history. This is important for the interpretation (in case
of observations) or estimation (in case of theoretical studies)
of the properties of populations of (objects composed of) stars
and their remnants. It also affects the expected rates of occur-
rence of various stellar evolution-related phenomena, because
the formation efficiency of many transients of stellar/binary ori-
gin (e.g. double black hole mergers, long gamma ray bursts)
depends on metallicity. Our results can provide a guidance on
whether the properties of stellar populations inferred under the
assumption of the universal IMF are likely to under/over-predict
the estimated quantities and on the order of magnitude of this
effect. The results of our calculations are available at https:
//ftp.science.ru.nl/astro/mchruslinska/.
Where appropriate we adopt a standard flat cosmology with
ΩM=0.3,ΩΛ=0.7, and H0=70 km s−1 Mpc−1. All mentions of
the universal or canonical IMF throughout this study refer to the
Kroupa (2001, hereafter K01) IMF between 0.08 to 120 solar
masses (M).
2. Method
To estimate fSFR(Z,z) under the assumption of an evolving, SFR
and metallicity dependent IMF we combine the methods detailed
in ChN19 and Jerˇábková et al. (2018). Below we focus on the
information relevant for this study and refer the reader to the
original papers for further details.
2.1. The distribution of the cosmic SFR at different
metallicities and redshift
ChN19 construct the fSFR(Z,z) based on the empirical scaling re-
lations for star forming galaxies combined over a wide range of
redshifts and stellar masses of galaxies (Mgal,∗). The observed
galaxy stellar mass function (GSMF) of star forming galax-
ies is used to obtain the number density of objects of different
masses. The metallicity (oxygen abundance) is then assigned to
each mass with the use of the gas-based mass–metallicity rela-
tion (MZR). The star-formation–mass relation (SFMR) sets the
contribution of galaxies of different masses (metallicities) to the
total SFRD at a certain redshift. Combining them, one can ob-
tain the fSFR(Z,z). The intrinsic scatter present in the relations,
the internal distribution of metallicities in the star-forming gas
within galaxies and the so-called fundamental metallicity rela-
tion (i.e. the empirical relation between Mgal,∗, metallicity and
SFR of galaxies, which shows that galaxies of the same Mgal,∗
that have higher than average SFR at the same time have lower
than average metallicities, e.g. Mannucci et al. 2010) are taken
into account. The above mentioned empirical relations, as well
as the results shown in ChN19 obtained with the use of those
relations assume the universal IMF.
2.2. The environment dependent galaxy-wide IMF
To model the non-universal, environment dependent IMF we rely
on the description provided by the IGIMF theory (Weidner et al.
2013b; Yan et al. 2017; Jerˇábková et al. 2018).
The IGIMF uses empirically derived prescriptions for the forma-
tion of stars on pc/embedded cluster scales to build-up galaxy-
wide stellar populations. Those prescriptions are based on a few
key inferences from the observations of the local star form-
ing environments: (i) all stars form in embedded star clus-
ters (Jerˇábková et al. 2018; Lada & Lada 2003; Kroupa 2005;
Megeath et al. 2016; Joncour et al. 2018); (ii) the IMF of each
embedded star cluster varies with the gas density and metallic-
ity of the star forming material in the cluster (i.e. the becomes
more top heavy in high gas density and low metallicity envi-
ronments e.g. Kroupa 2002b; Dabringhausen et al. 2009; Marks
et al. 2012b) and is well approximated by a broken power law;1
(iii) initial masses of star clusters are distributed according to a
single power law, the slope and the upper mass limit of the dis-
tribution depend on the SFR of a galaxy.
The star clusters with the same mass, metallicity and density are
assumed to lead to the same cluster IMF independent of their
redshift. The galaxy wide IMF and stellar population is then ob-
tained by summing the contributions from the local galactic star-
forming regions in a given time interval.
The IGIMF theory is consistent with the Milky Way stellar popu-
lation /galaxy-wide IMF. This is an important consistency check,
since it is not clear a priori that adding all the IMFs in all embed-
ded clusters would yield a galaxy-wide IMF which agrees with
the observational constraints (Mor et al. 2019; Zonoozi et al.
2019). The description of star-formation with similar conditions
as found in the present-day Milky Way is described robustly.
Empirical relations describing conditions departing from well-
measured regions in the Milky Way neighbourhood are subject
to obtaining improved measurements, possibly with future in-
struments.
Nevertheless, while the exact shape of the galaxy-wide IMF
might change with an improved empirical description of star-
formation, the expected trend of the IMF becoming top-
heavy/light at high/low SFR is now supported by a large variety
of observations (e.g. Zhang et al. 2018; Brown & Wilson 2019;
Kalari et al. 2018; Schneider et al. 2018; Lee et al. 2009; Watts
et al. 2018; Conroy et al. 2017; Martín-Navarro et al. 2015)
In this study we use the IGIMF3 model from Jerˇábková et al.
(2018), which implements the variation of the stellar IMF over
the entire stellar mass range (see Fig. 1). We refer to the galaxy-
wide IMF as described by the IGIMF3 model as the non-
universal or environment-dependent IMF throughout the rest of
this paper. We briefly discuss the difference in results obtained
with the IGIMF2 model from Jerˇábková et al. (2018), which im-
1 We note that the IMF differs significantly from the canonical IMF
mainly for extreme densities and very low metallicities.
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Fig. 1.Galaxy-wide IMFs computed using IGIMF3 as a function of stel-
lar mass plotted for several values of SFRs (10−3 – blue, 1.0 – green, 103
– red M/yr) and [Fe/H] (-3, 0 2). The galaxy-wide IMFs are normalised
by their values at 1 M to show the slope changes. The universal K01
IMF is plotted as black dashed line.
plements only variation of the high-mass part of stellar IMF, in
the Appendix B.
2.3. SFR corrections for the non-universal IMF
The effect of a non-universal IMF on the fSFR(Z,z) can be es-
timated by determining the error one makes in the observation-
based galaxy SFR assuming an universal IMF and then correct-
ing for it. The observational estimates of the SFR rely on vari-
ous tracers that typically measure the number of recently formed
massive stars (e.g. UV luminosity – either measured directly or
in the infrared when reprocessed by dust, Hα emission from the
recombination of gas ionised by the most massive stars; Madau
& Dickinson 2014). This number can be converted to the total
amount of mass turned into stars assuming a particular IMF (e.g.
Kennicutt 1998; Kennicutt & Evans 2012; Madau & Dickinson
2014).
For a given SFR tracer, one can calculate the correction factor
K = S FRIGIMFS FRK that allows to convert S FRK - the SFR estimate that
assumes an universal IMF to S FRIGIMF - the SFR that would be
measured with a non-universal IMF(S FR, [Fe/H]2).
ChN19 construct their SFMR by using the relation found by
Boogaard et al. (2018) for the local low–to–intermediate mass
galaxies and exploring three variations on the shape of the un-
certain high mass end of the relation (either a single power-law,
a broken power-law or a power-law with a sharp flattening, see
Fig. 5 in ChN19). This local relation, which sets the initial nor-
malisation of the SFMR 3 relies on the Hα based SFR measure-
2 [Fe/H]=log10
(
Fe
H
)
−log10
(
Fe
H
)
, where Fe and H stand for the number
density of the corresponding atom.
3 The normalisation of the SFMR relation in ChN19 is assumed to
increases with redshift as found by Speagle et al. (2014) up to z=1.8,
and the rate of its evolution is adjusted to reproduce the observed flat-
tening in the redshift evolution of SFMR normalisation at higher z (see
Sec. 2.4 in ChN19 and references therein). We note that the SFMR con-
structed that way is not directly based on any particular tracer at higher
z, nevertheless, we use the matallicity dependent correction of the Hα–
based SFR at all redshifts to obtain a rough estimate of the effect of the
non-universal IMF on the fSFR(Z,z).
Fig. 2. SFR estimated assuming the universal, Kroupa (2001) IMF
(SFRK01) and the corresponding correction factors (KK01−IGIMF3) used
to correct that SFR for the environment dependent IMF (described
by the IGIMF3 model from Jerˇábková et al. (2018)). Different lines
show the dependence of the correction factor on metallicity (repre-
sented by [Fe/H]). For example, at log10(SFRK01)=-2 and [Fe/H]=-1,
SFRIGIMF3 ≈ 100.6 SFRK01.
ments (i.e. the authors employ the Kennicutt (1998) relation).
Therefore, we use the matallicity dependent corrections to Hα–
based SFR to estimate the effect of the non-universal IMF on the
fSFR(Z,z).
Such corrections to the Kennicutt (1998) relation were re-
cently calculated by Jerˇábková et al. (2018). Using the PyPegase
python wrapper4, Jerˇábková et al. (2018) combined the GalIMF
code (Yan et al. 2017, 2019a) which computes the galaxy-wide
IMF(S FR, [Fe/H]) with PEGASE.2 stellar population synthe-
sis code (Fioc & Rocca-Volmerange 1999; Fioc et al. 2011) to
produce the Hα flux for a given stellar population assuming a
constant star formation history (SFH).
For the purpose of this paper we extended previous calculations
for a larger parameter space of SFRs (10−5 M/yr, 103 M/yr)
and [Fe/H] metallicities (-5,1).
The corresponding relation between the universal IMF based
SFR and the SFR correction factor for the underlying non-
universal IMF is shown in Fig. 2 for different [Fe/H] values.
The metallicity dependence of the IMF in Jerˇábková et al.
(2018) is parametrised using the relative iron abundance (rel-
ative to solar; [Fe/H]), while the observations used in ChN19
provide the oxygen abundance ZO/H (ZO/H =12+log10(O/H)). To
combine the two methods, one needs to convert one metallicity
measure to the other, which is not a straightforward procedure.
However, we note that the metallicity dependence of the IMF has
only a secondary effect on the correction factors calculated by
Jerˇábková et al. (2018) and so the exact form of the relation does
not have a strong effect on our results. For the purpose of this
study we assume an example relation between [O/H] and [Fe/H]
as shown in Fig. 3 that takes into account the overabundance of
oxygen with respect to iron relative to solar abundances at low
4 https://github.com/coljac/pypegase
We note that the updated version PEGASE.3 has been recently released
(Fioc & Rocca-Volmerange 2019). The main difference with respect to
PEGASE.2 is the addition of modelling of dust emission and its evo-
lution and corresponding extent of computed wavelengths and hence it
would not affect the results shown in this study.
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Fig. 3. Assumed ZO/H – [Fe/H] conversion. The blue line results from
Eq. A.1 and A.2. We introduce normally distributed scatter (σ=0.15
dex) around the central relation, indicated by the shaded area (showing
1 σ distance from the line). The [Fe/H]=[O/H] relation is shown as
the thick orange solid line for the reference. The orange dashed lines
indicate the solar metallicity in both measures. The black dashed lines
roughly indicate the range of [Fe/H] probed in Milky Way studies (see
Appendix A).
metallicities (e.g. Wheeler et al. 1989; Zhang & Zhao 2005; Izo-
tov et al. 2006; Tolstoy et al. 2009, see Appendix A for more
details).
Throughout this paper we use solar metallicity ZO/H=8.83 as
reported in Anders & Grevesse (1989), falling roughly in the
middle of the range of the presently considered values (e.g. De-
lahaye & Pinsonneault 2006; Asplund et al. 2009; Vagnozzi et al.
2017).
2.4. Combining the two methods
The procedure applied to account for a non-universal IMF can
be summarised as follows:
– As in ChN19, we use the GSMF to obtain the number den-
sity of galaxies of different Mgal,∗ (ngal,∗). In general, Mgal,∗
estimates are affected by the change in the underlying IMF.
However, Mgal,∗ is only used to connect the various prop-
erties of galaxies and is not explicitly used in our calcula-
tions. Even though the Mgal,∗ would be different in the non-
universal and the universal IMF case, it would correspond to
the same number density of objects 5.
– As in ChN19, we assign the SFR to a certain ngal,∗ (via Mgal,∗
and GSMF) using the SFMR with scatter. The SFR estimate
5 We assume here that the shape of the GSMF would not change when
we change the IMF. This is true for the universal IMF, however, may
not be strictly true for the non-universal IMF. The construction of the
GSMF involves binning the observed galaxies with respect to the in-
ferred masses (which depend on the assumed IMF). One bin contains
galaxies that have similar masses, but may differ in SFR and metallic-
ity. Once the IMF becomes SFR and metallicity dependent, the galaxies
in principle may ’change bins’. However, the existence of the scaling
relations guarantees that galaxies of similar masses have similar SFR
and metallicity and within the range of scatter the non-universal IMF as
described by the IGIMF would not affect the masses within one bin in a
very different way and so the shape of the GSMF would not be altered.
is affected by the change in the underlying IMF. We correct
for this at later step.
– We assign the metallicity ZO/H to a certain ngal,∗ (via Mgal,∗
and GSMF) with the MZR, taking into account the scat-
ter and the fundamental metallicity relation as described in
ChN19. We assume that ZO/H estimates obtained for various
metallicity calibrations are not significantly affected by the
assumed IMF, i.e. if the underlying IMF is different than the
assumed universal IMF, one would measure the same ZO/H.
– We convert ZO/H to [Fe/H] as discussed in Sec. 2. This step
is necessary, as the metallicity dependence of the IMF in
Jerˇábková et al. (2018) is parametrised using the iron abun-
dance as a measure of metallicity.
– Knowing the universal IMF-based SFR and [Fe/H] corre-
sponding to a certain number density of galaxies, we cal-
culate the correction factor for the SFR as described in
Jerˇábková et al. (2018) and estimate the corrected SFR.
– We repeat the procedure at different redshifts, taking into ac-
count evolution of the GSMF and the scaling relations, and
construct the fSFR(Z,z).
3. Results
3.1. Effect on the fSFR(Z,z)
The general effect of the SFR corrections for the environment
dependent IMF is to increase the SFR of the low-mass galaxies
and decrease that of the massive, highly star-forming galaxies.
This means the galaxy main sequence is less steep and the total
SFRD at a given redshift is less dominated by the contributions
from the most massive, relatively metal-rich galaxies than what
one would expect under the assumption of an universal IMF.
This has two main effects on the fSFR(Z,z) distributions, as can
be seen in Fig. 4. This figure shows the comparison of the effect
of the change from the universal to non-universal IMF for two
fSFR(Z,z) distributions: the high and low metallicity extremes
introduced in ChN19. Those distributions were chosen as vari-
ations of the fSFR(Z,z) allowed by the current uncertainties in
the empirical scaling relations that lead to the highest fraction of
stellar mass that forms since z = 3 at high (> ZO/H) and low
(< 0.1ZO/H) metallicity respectively (see Appendix C for more
details).
The first effect of changing to the non-universal IMF is the pres-
ence of a more pronounced low-metallicity tail in the fSFR(Z)
distribution at any redshift, which can be seen by comparing
the location of the white and brown contours in Fig. 4. Those
contours show regions of the constant SFRD for several exam-
ple values in the universal and non-universal IMF case respec-
tively, after eliminating the difference in the total SFRD (i.e.
fSFR(Z,z) summed over metallicities at each redshift) between
the two cases.
The second effect is on the total SFRD found at each redshift.
The high-SFR end of the galaxy main sequence is the most
strongly affected by the change in the underlying IMF, which re-
sults in a net reduction of the total SFRD at a given redshift when
the non-universal IMF is assumed. This is demonstrated in the
bottom panel of Fig. 4, which shows the ratio of the total SFRD
at different z obtained under the assumption of the non-universal
versus universal IMF. The ratio becomes more extreme towards
higher redshifts, because at relatively high SFRs the magnitude
of the applied SFR corrections is larger and the average galac-
tic SFR increases with z. There is also an additional trend with
metallicity, causing the corrections at the high-SFR end to in-
crease with decreasing metallicity (and therefore with increasing
z, see Fig. 2).
Article number, page 4 of 15
M. Chrus´lin´ska et al.: Non-universal IMF and the metallicity of stars
Fig. 4. Upper panels: distribution of the SFRD at different metallicities and redshift (z). Left – background colour and brown contours: high
metallicity extreme assuming the non-universal IMF; white contours - high metallicity extreme assuming universal IMF. Right – the same as in the
left panel, but for the low metallicity extreme. To plot the white contours, fSFR(Z,z) for the universal IMF cases has been re-scaled in such a way
that the total SFRD at each redshift matches that of the corresponding variation with the non-universal IMF (see the bottom panel; the non-scaled
fSFR(Z,z) in the universal IMF cases is shown in Fig. 8 in ChN19). This reveals the presence of the more extended low metallicity tail present in
the non-universal IMF variations
Bottom panel: the ratio of the total SFRD at each redshift as calculated under the assumption of the non-universal to universal IMF for the two
fSFR(Z,z) variations (dashed line – low-Z extreme, solid line – high-Z extreme).
3.2. Effect on the formation of stars of different masses
The assumption about the IMF also affects the number of stars
of different masses ever formed, as well as the distribution of
metallicities at which those stars have formed.
The ratio of the number of stars formed in different mass ranges
in the variable versus universal IMF case is shown in Fig. 5.
Fig. 6 demonstrates the corresponding ratio of the fraction of
stars forming at low metallicity (below 10% ZO/H) in differ-
ent mass ranges. The ratios are shown for a few mass ranges
that correspond to the conventionally adopted white dwarf (WD;
M∗ < 8M), neutron stars (NS; 8M < M∗ < 20M) and black
hole (BH; M∗ > 20M) progenitor mass limits 6. We additionally
separate the WD progenitors mass range below and above 1 M7
6 We note that those ranges are used for the convenience of discus-
sion and for the illustration purposes. The exact mass limits of the pro-
genitors of different types of stellar remnants are uncertain and depend
e.g. on metallicity, rotation, presence of binary interactions (e.g. Heger
et al. 2003a; Ekström et al. 2012; Ibeling & Heger 2013; Doherty et al.
2015). Especially the boundary between BH and NS progenitors can
differ significantly from the assumed limit and the recent simulation re-
sults suggest there may well not be a set mass boundary between them
(e.g. Sukhbold & Woosley 2014; Sukhbold et al. 2016).
7 There are a few reasons for separating these mass ranges. 1 M
is the conventional mass limit at which one of the IMF power law
breaks occurs, separating the ’high mass’ and the ’low mass’ part of
the IMF. Also, the difference between the IGIMF2 or IGIMF3 mod-
and plot the ratios for the progenitors of the most massive stellar
origin BHs from isolated stellar/binary evolution, i.e. stars of ini-
tial masses M∗ > 50M.8 In general, the magnitude of the effect
of the change in the IMF on the formation of stars in different
mass ranges also depends on fSFR(Z,z). To demonstrate this, in
Fig. 5 and Fig. 6 we show the ranges spanning between the ratios
obtained using the limiting cases from ChN19, i.e. the low (solid
lines) and high (dashed lines) metallicity extreme fSFR(Z,z) dis-
tributions.
Before we zoom into the individual mass ranges, we discuss
some general trends that appear in in Fig. 5 and 6:
– At high z the overall number of stars forming in the non-
universal IMF scenario is smaller than in the universal IMF
case.
– The ratios in Fig. 5 increase towards lower z, and exceed
unity at z < 1 if the fSFR(Z,z) distribution is similar to the
low-Z extreme from ChN19.
els from Jerˇábková et al. (2018) lies in the description of the low mass
< 1M part of the IMF (see Appendix B). Furthermore, most of the
stars formed below that mass are still ’to-be WDs’, with the evolution-
ary timescale approaching the age of the Universe.
8 A ≈50 M star evolving in isolation at ≈10% solar metallicity is
expected to leave behind a ≈20-40 M BH (e.g. Heger et al. 2003b;
Spera & Mapelli 2017; Mandel & Farmer 2018).
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Fig. 5. Ratio of the number of stars forming in different mass ranges
in the case with the environment dependent IMF to the universal IMF
as a function of redshift. The shaded area spans between the ratios ob-
tained for the low (solid lines) and high (dashed lines) metallicity ex-
treme fSFR(Z,z) distributions from ChN19.
Fig. 6. Ratio of the fraction of stars forming at low metallicity (ZO/H <
ZO/H) in different mass ranges in the case with the environment de-
pendent IMF to the universal IMF as a function of redshift. The shaded
area spans between the ratios obtained for the low (solid lines) and high
(dashed lines) metallicity extreme fSFR(Z,z) distributions from ChN19.
Thus, at redshift z=1, about 2.5 times more stars with M∗ < 1M form
in the considered non-universal IMF scenario than in the universal IMF
case.
– The fraction of stars forming at low metallicity is increased
in the non-universal IMF scenario. This fraction increases
towards low z.
The above statements are common to all but the highest mass
range (M∗ > 50M) considered, which shows the reverse be-
haviour. We discuss that in Sec. 3.2.1. The trends seen in the re-
maining mass ranges can be understood by looking at Fig. 7. The
thick-light-gray curves in this figure show the SFR–metallicity
relation at different redshifts as used in the high-Z extreme (top
panel) and low-Z extreme (bottom panel) fSFR(Z,z) from ChN19.
The colored solid curves show that same relation after correct-
ing the SFR for the non-universal IMF as discussed in Sec. 2.3.
The colour shows the ratio of the number of stars formed in the
NS progenitor mass range in the non-universal to universal IMF
scenario in the different regions of the SFR–metallicity plane.
It can be seen that at high redshifts the coloured curves fall nearly
entirely below the grey curves - i.e. the SFR of almost all galax-
ies is lowered with respect to the universal IMF case. This re-
sults in a decreased number of stars forming in the non-universal
IMF scenario (but the strength of this effect differs for different
masses of stars as shown in Fig. 5).
As the redshift decreases, the average SFR–metallicity relation
shifts towards higher metallicities and lower SFR. This leads to
higher positive SFR corrections at the low SFR side of the re-
lation (see Fig. 2) and the increasing fraction of the low-SFR
part of the coloured curves appears above the corresponding grey
curves. At the same time, the decrease on the high SFR end of
the relation due to the correction is smaller. Hence, the ratio of
the number of stars forming in the non-universal to the universal
IMF scenario increases towards lower redshifts.
For the low-Z extreme fSFR(Z,z), nearly the entire corrected re-
lation at low z falls above the corresponding universal-IMF re-
lation - i.e. the SFR of almost all galaxies is higher in the non-
universal IMF scenario. In that case the number of stars forming
in different mass ranges exceeds that expected under the assump-
tion of the universal IMF. In the high-Z extreme the galaxies
with the highest universal IMF SFRs receive negative correc-
tions even at z ≈ 0 and hence the increase in the fraction of the
number of stars forming in the non-universal to universal IMF
scenario is smaller when this fSFR(Z,z) distribution is used.
The increase in the fraction of stars forming at low metallic-
ity in the non-universal with respect to the universal IMF sce-
nario is also readily seen in Fig. 7. The corrected SFR is al-
ways decreased on the high metallicity and increased on the low
metallicity side of the SFR–metallicity relation. The fractions
shown in Fig. 6 correspond to metallicity below 10% solar and
so at z >8 (6) in the high (low) metallicity extreme the ratio of
the fractions of stars forming below that threshold is close to
unity (nearly all star formation happens below 10% solar metal-
licity i.e. to the left of the left-most orange vertical line in the
Fig. 7). The ratio then increases towards lower redshifts, as the
SFR shifts to higher metallicities and is decreased above and
increased below 0.1ZO/H in the non universal IMF scenario. The
decrease at high ZO/H is stronger at higher z, while the increase at
low ZO/H is stronger at lower z and the increase in the ratio starts
to flatten between z=1 and 2, where the two effects balance each
other. The ratio is smaller if the low-Z extreme fSFR(Z,z) is used,
as in this case even at low redshifts a significant fraction of the
total SFRD falls below 10% solar metallicity, irrespective of the
assumptions about the IMF discussed in this study.
3.2.1. BH progenitors
The effect on the number and fraction of the most massive
stars (BH progenitors) forming at low metallicity is shown by
the black (stars with the initial masses M∗ >20 M) and blue
(M∗ > 50M) lines in Fig. 5 and Fig. 6 respectively. In general,
this effect is very small. This should be expected, as those stars,
if present within a galaxy, are responsible for the emission of
the bulk of the radiation that serves as an observable SFR tracer.
In particular, the contribution to the Hα emission (considered
as SFR tracer in this study) comes only from the most massive
stars (O and early-type B-stars with M∗ & 17M, e.g. Madau
& Dickinson 2014). This means that stellar population forming
according to a top-heavy IMF would have higher Hα luminosity
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Fig. 7. Effect of the transition from the universal to environment dependent IMF on the formation of the NS progenitors. The grey thick curves
show the SFR–metallicity (ZO/H) relation as used in the high-Z extreme (top) and low-Z extreme (bottom) fSFR(Z,z) from ChN19 at different
redshifts. The top metallicity axis ([Fe/H]) was obtained from ZO/H using the conversion described in Sec. 2. The coloured curves show the same
relation after correcting the SFR for the non-universal IMF (see Fig. 2). The colour denotes the ratio of the number of stars forming in the NS
progenitor mass range in the non-universal vs universal IMF case. The near-horizontal grey lines are the lines of constant value of that ratio. The
red dashed lines are the lines of the constant correction factor. The SFR below the thick red solid line is increased and above that line is decreased
with respect to the universal IMF case. The vertical orange dashed lines show solar and 10% solar metallicity.
per unit mass of star formed than the one following the canonical
MW-like IMF. Both IMFs can be used to interpret the measured
luminosity, as long as the inferred SFR is adjusted accordingly
(i.e. it needs to be lower in the top-heavy IMF case). Therefore,
the effect of the high mass end slope of the IMF and the SFR
counterbalance each other and the total number of the most mas-
sive stars formed, as well as their metallicity distribution is not
strongly affected by the IMF variations.
While the number of all stars more massive than 20 M form-
ing at z&1 is slightly decreased, the number of those with the
highest masses is higher in the non-universal IMF case. This is
because the IMF is more top-heavy in the high-SFR and low-
metallicity environments - typical of high redshift galaxies, and
the contribution to Hα luminosity increases with stellar mass.
We find that the formation of the massive (& 30M) stellar origin
BH from isolated stellar evolution in the low-redshift Universe is
disfavoured. The progenitors of those BHs are believed to form
at low metallicity with a mass & 50M. This is required to avoid
strong stellar wind mass loss expected at high metallicities (e.g.
Vink et al. 2001; Vink & de Koter 2005) and retain enough mass
during their evolution to form a massive remnant (e.g. Heger
et al. 2003a; Belczynski et al. 2010; Spera & Mapelli 2017).
At low redshifts the star formation with such low metallicities
happens predominantly in dwarf galaxies, forming stars at low
rates (. 0.1M/yr). Those galaxies are deficient in massive stars
as indicated by their Hα/UV emission (Pflamm-Altenburg et al.
2009; Lee et al. 2009; Meurer et al. 2009) and the photometry
of resolved stellar populations (Watts et al. 2018). This is con-
sistent with the prediction of the adopted IGIMF theory, which
leads to the galaxy-wide IMF in the low SFR (low mass) galax-
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ies that is top-light and truncated at lower M∗ when compared to
the universal IMF (see e.g. Fig. 1). Thus, those galaxies are less
probable hosts of the massive stellar origin BHs.
3.2.2. NS progenitors
The results for the stars forming with masses in the conven-
tional NS progenitor mass range of 8-20 M follow the trends
discussed earlier in this section and are indicated in red in Fig.
5 and Fig. 6. The number of stars forming in this mass range
is generally decreased, except for the low redshift range z . 1
when the fSFR(Z,z) is described with the distribution similar to
the low-Z extreme from ChN19. This decrease reaches a factor
of ≈1.3 at high z and is stronger than in the BH progenitors mass
range, as the decrease in the SFR of the active galaxies due to
the necessary corrections for the non-universal IMF is not fully
counterbalanced by the change in the IMF in this mass range.
The fraction of NS progenitors forming at low metallicity is in-
creased by a factor of ≈2 at low to intermediate redshifts.
3.2.3. WD progenitors
The change from the universal to environment dependent IMF
has the strongest effect on the number and metallicity of the WD-
progenitors. This is shown as orange (for initial masses 1 to 8
M) and green (for M∗ < 1M) areas in Fig. 5 and 6. The frac-
tion of stars in the former mass range forming at low metallicity
is up to a factor of ≈3-6 higher (depending on the fSFR(Z,z)) at
z .1.5 in the non-universal than in the universal IMF scenario.
The overall number of the WD progenitors with M∗ > 1M is
decreased with respect to the universal IMF scenario by a factor
of ≈2 at z &1.5 and increased at low redshifts by up to a factor
of 2 if the low-Z extreme fSFR(Z,z) is used. We discuss the im-
portance of those effects for the formation of type Ia supernovae
(SN) progenitors in Sec. 4.4
The number of the lowest mass stars < 1M is decreased by
more than a factor of 10 at high z in the considered model of the
IMF variations with respect to the universal IMF case. This is
because the formation of low-mass stars is expected to be sup-
pressed in the metal-poor and hot early Universe. This effect
is expressed in the IGIMF formulation with a strong metallic-
ity dependence of the low mass part of the IMF, which is such
that the IMF becomes increasingly bottom-light with decreas-
ing metallicity (more relevant for the star formation at high red-
shifts) irrespective of the SFR (and vice versa in the environ-
ments with metallicities exceeding the solar value). The fraction
of stars with M∗ < 1M forming at low metallicity is still in-
creased with respect to that expected in the universal IMF sce-
nario due to smaller reduction (at high z) or higher increase (at
low z) in the SFR of the low-metallicity galaxies than in the
SFR of the more metal-rich galaxies due to the applied cor-
rections (see Fig. 2). We note that those two effects (i.e. de-
crease in the number of low-mass stars forming at high z and
increase in the fraction of those forming at low metallicity at
lower z) have the opposite effect on the metallicity distribution
of all the low-mass stars ever formed. Therefore, this distribu-
tion is not significantly different between the considered univer-
sal and non-universal IMF scenarios. However, the age distribu-
tion of the low-mass, low-metallicity stars ever formed that can
still be observed in the local Universe would differ between the
universal and non-universal IMF scenarios. In the latter case the
bulk of the low-mass, low-metallicity stars forms at later times
in the cosmic history and therefore their age distribution would
be shifted to younger ages.
We note that the observational constraints on the metallicity de-
pendence of the low mass (< 1M) end slope of the IMF are cur-
rently very limited (Kroupa 2002b; Marks et al. 2012a). If this
dependence is much weaker than assumed in the adopted IMF
model, the results shown for the stars in this mass range would
be closer to those shown for the more massive WD progenitors.
This is shown in the Appendix B, where we additionally dis-
cuss the difference in the results that would be obtained with no
metallicity dependence of the low mass part of the IMF (i.e. the
IGIMF2 model from Jerˇábková et al. (2018)).
4. Discussion
The presented results assume a particular parameterisation of the
IMF dependence on SFR and metallicity. This description of the
IMF variations has been validated mainly on the sample of rela-
tively low redshift galaxies (e.g. Yan et al. 2019b). We note that
the exact form of this dependence is likely to improve with im-
proving empirical constraints, especially at higher redshifts, but
the expected trends in the shape of the IMF (e.g. top/bottom-
heaviness at high/low SFR) with the environment are now re-
ported in many observational studies and thus can be expected
to stay.
Therefore, our study should be treated as a qualitative dis-
cussion of the expected impact of the assumptions about the
(non)universality of the IMF on the fSFR(Z,z) and the formation
of stars in various mass ranges rather than a robust quantitative
estimation of this effect. It can provide a guidance on whether the
calculations of e.g. the rates of various stellar evolution related
phenomena (such as various types of SN) performed under the
assumption of the universal IMF are likely to under/over- predict
the estimated quantity and on the order of magnitude of this ef-
fect.
Besides the exact description of the IMF variations, our results
are prone to uncertainties related to the calculations of the SFR
correction factors, i.e. conversion between the different metallic-
ity measures, the stellar tracks used to perform the stellar popula-
tion synthesis (in particular the uncertainties related to the treat-
ment of the stellar winds, rotation and binarity) and the adopted
SFH of galaxies.
4.1. Metallicity conversion
In order to combine the IGIMF model with the fS FR(Z,z) from
ChN19 and calculate the SFR correction factors, we need to con-
vert ZO/H to the [Fe/H] metallicity measure. We achieve this by
adopting a particular relation, as shown in Fig. 3. However, there
is no universal way to translate the oxygen to iron abundance.
To demonstrate the impact of this assumption on our results,
we additionally consider the simplest conversion [Fe/H]=[O/H]
(represented by the thick orange line in Fig. 3, i.e. the iron abun-
dance translates directly to oxygen abundance maintaining the
solar ratios).
In that case, the estimated SFR of the low-metallicity, low SFR
galaxies would be higher than in the case when the conversion
from Sec. 2 is applied. This is because the necessary SFR correc-
tions for the variations in the underlying IMF are smaller at low
metallicities and the effect of metallicity on the correction fac-
tor is more pronounced at low SFRs. Hence the fraction of stars
forming at low metallicity is increased when the [Fe/H] = [O/H]
conversion is used (see Fig. B.2). The overall effect is relatively
small compared to that of the assumed fS FR(Z,z). The effect of
the assumed metallicity conversion on the ratio of the number
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of stars forming in different mass ranges in the universal to non-
universal IMF scenario is negligible (see Fig. B.3).
The realistic conversion would likely show some form of α-
enhancement at low metallicities and high SFR and in this re-
spect resemble more the one introduced in Sec. 2 rather than the
simple [Fe/H]=[O/H] conversion (see Appendix A). We there-
fore conclude that this assumption does not have a significant
effect on our results.
4.2. Stellar population synthesis
In order to estimate the Hα luminosity produced by a certain
stellar population, one needs to model the stars that make up
the population together with the light and spectra coming from
their atmospheres. This is achieved with the use of stellar pop-
ulation synthesis (SPS) models (e.g. Leitherer et al. 1999; Fioc
& Rocca-Volmerange 1999; Bruzual & Charlot 2003; Fioc et al.
2011; Fioc & Rocca-Volmerange 2019). Different models dif-
fer in the implemented stellar/atmospheric models, but generally
lead to comparable results (e.g. Jerˇábková et al. 2017).
However, a number of effects (rotation, binary evolution) that are
relevant for the modelling of the UV part of the spectrum are not
taken into account in the commonly used SPS models, includ-
ing the one used in our analysis. These effects are also not taken
into account in the observational studies estimating the galac-
tic SFR used in ChN19. In general, modelling binary systems
has similar effects on the spectra to including rotation in single
star models (Eldridge & Stanway 2009). Rotating stellar models
show increased lifetimes, effective temperatures and mass loss
rates when compared with the non-rotating ones (Ekström et al.
2012). In the case of binaries, interactions can e.g. remove the
outer layers of stellar envelopes, rejuvenate the accreting star or
lead to the merger of two stars, all effects leading to increased
emission in the blue part of the spectrum with respect to sin-
gle models (e.g Eldridge & Stanway 2009; Eldridge et al. 2017;
Götberg et al. 2019). Both the effects of rotation and binarity in-
crease the number of Wolf–Rayet stars and decrease the number
of red supergiants present in the population (via increased mass
loss rates due to rotation or envelope stripping during mass trans-
fer in binaries) and can increase the number of massive main-
sequence stars observed (rotation via extending the lifetime by
mixing more fuel into the core, binaries due to mass accretion)
(e.g. Eldridge & Stanway 2009).
Predicted spectral energy distributions tend to be "bluer" when
the effect of binaries or rotation is considered and the corre-
sponding stellar populations produce more UV/Hα flux for the
same SFR with respect to those composed of single, non rotating
stars (leading to overestimated SFR based on those tracers). Göt-
berg et al. (2019) find that the UV luminosity is not significantly
affected by the presence of stars stripped off their envelopes in
binary interactions in stellar populations in which star formation
is ongoing or that are younger than about a few 100 Myr, but
it may still be affected by the presence of other products of bi-
nary interaction. We note that the most rapid rotation is likely
achieved in binaries (de Mink et al. 2013) and those effects have
not been considered simultaneously. The more in-depth discus-
sion of their potential effect on our results presents a challenge
in itself and is beyond the scope of this study.
4.3. SFH assumption
In order to compute SFR–Hα relations with the variable galaxy-
wide IMF (and the SFR correction factors) we assume that the
Fig. 8. Comparison of the results of the example calculation of the
CCSN, type Ia SN and type Ia SN to CCSN rates in the non-universal to
universal IMF scenario. See text for the detailed assumptions. The col-
ored areas span between the ratios obtained for calculations performed
using the low and high metallicity extreme fSFR(Z,z) distributions.
SFH is constant on > 5 Myr timescales (Jerˇábková et al. 2018).
This assumption ensures constant production of Hα by the stellar
population. The Hα flux, being driven by the production of ionis-
ing photons, strongly depends on the population of massive stars
(M∗ > 17 M; we note that even though a 17 M star has a life-
time of a few 10 Myr, the galactic Hα luminosity is dominated
by the most massive stars with the shortest lifetimes) and thus
consequently also on the SFH. For example in case of a single
burst event, Hα flux values can differ by few orders of magnitude
in a few Myr when the most massive stars evolve. The assump-
tion of constant SFH on several Myr time-scale is thus needed
in order to provide any SFR–Hα relation (e.g. Kennicutt 1998;
Pflamm-Altenburg et al. 2007, 2009).
The assumed SFH can be particularly important for the SFR esti-
mates in galaxies with small values of SFR relative to the Milky
Way. Those galaxies form only a very small number of high-
mass (Hα producing), short-lived stars. Clearly, the estimated
SFR will be different depending on whether the star is caught
alive or after it completed its evolution. The proper evaluation of
this effect it is up to the future studies. See Pflamm-Altenburg
et al. (2007) and Jerˇábková et al. (2018) for further discussion of
this problem.
4.4. Type Ia supernovae progenitors and supernovae rates
The biggest impact of the transition from the universal to the
environment dependent IMF is on the formation of stars in the
WD progenitor mass range (e.g. Weidner & Kroupa 2005). The
subset of those stars will be progenitors of the type Ia SN, which
are believed to be thermonuclear explosions of relatively mas-
sive carbon-oxygen WD. There are two main proposed type Ia
SNe formation channels, that have evolved over time. The first is
the accretion model (evolved from the "single degenerate chan-
nel") in which the explosion is triggered by accretion onto a WD,
either by increasing the central density to ignition, or by trigger-
ing an explosion in the accreting layer that subsequently causes
the accreting WD to explode. The second is the merger mode
(evolved from the "double degenerate channel") in which the ex-
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plosion is triggered by the merger of two WDs. The explosion
can be the result of the production of an unstable object that ig-
nites due to a high temperature or density in some parts, or as
a result of the merging itself and the shocks created in the pro-
cess. See e.g. Maoz et al. (2014), Livio & Mazzali (2018) for a
detailed description of these models. Regardless of the exact for-
mation scenario, the number of type Ia SN events expected from
a certain stellar population depends on the IMF (see e.g. Sec. 4.5
in Yan et al. 2019b) and will be different in the universal and in
the non-universal IMF scenario. The assumptions about the IMF
also affect the relative rates of different transients of stellar ori-
gin - we discuss type Ia SN and core collapse SN (CCSN) as an
example below.
For the illustrative purposes, here we follow the approach de-
scribed in Yan et al. (2019b) and assume that the rate of type Ia
SN is proportional to the number of stars forming in the mass
range suitable for the formation of the primary star in the type Ia
SN progenitor system times the probability that a companion star
also forms in the correct mass range. Both quantities are simply
calculated from the IMF. We assume that the efficiency of for-
mation of type Ia SN from progenitor binaries is constant and
independent of the assumptions about the IMF. We are thus ne-
glecting all the effects coming from the possible correlations be-
tween the initial binary parameters, binary evolution and metal-
licity. The dominant contribution to type Ia SN in the commonly
considered formation channels is found to come from progenitor
stars with the masses in the range ≈ 3 − 8M (e.g. Claeys et al.
2014). Therefore, we assume that both stars in the type Ia pro-
genitor binary come from this mass range. The analogous results
to those shown in Fig. 5 and 6, but for 3-8 M mass range of WD
progenitors are shown in the Appendix D. Furthermore, we as-
sume that the delay time distribution follows a single power law
∝ t−1, with a minimum time of 40 Myr as suggested by observa-
tions (Maoz & Mannucci 2012).
For CCSNe we simply assume that the rate is proportional to
the number of stars forming in the mass range between 8 and 20
M, again neglecting any metallicity or binary evolution-related
effects (hence the ratio of the CCSN rate in the non-universal to
universal IMF scenario is identical to the red range in Fig. 5).
The ratio of rates calculated under those assumptions in the non-
universal to universal IMF scenario is shown in Fig. 8. SN rates
to first approximation follow the SFR, and so can be expected
to increase less steeply with z towards the peak of the SFH of
the Universe in the non-universal than in the universal IMF sce-
nario (see e.g. Fig. C.1 for the cosmic SFH obtained for different
IMF and fSFR(Z,z) assumptions used in this study). Except for
the offset due to longer delay time for type Ia SN explosions,
their rate shows similar behaviour with redshift to CCSN and so
there is relatively little evolution with redshift in the type Ia SN
to CCSN rate ratio. The relative rate of type Ia SN to CCSN, as
well as type Ia SN rate as shown in Fig. 8 is lowered in the non-
universal IMF scenario by a factor of a few, but we stress that
the exact magnitude of this effect depends e.g. on the assumed
delay time distribution of type Ia SN. We note that the forma-
tion efficiency for type Ia SN is not known theoretically but in-
ferred from the observations. Therefore, in order to explain the
observed type Ia SN rate with a given progenitor model, this effi-
ciency would simply need to be higher in the non-universal IMF
than in the universal IMF scenario. We note that at high z & 3
the presented trends are subject to additional uncertainty due to
the uncertain contribution of dwarf galaxies to the cosmic SFRD
(see Appendix C.1) .
The above considerations neglect any potential metallicity ef-
fects on type Ia SN rates. However, the fraction of stars forming
at low metallicity in the assumed type Ia SN progenitor mass
range is increased by a factor of ≈ 2 − 4 (depending on the
fSFR(Z,z) and IGIMF model; see Fig. D.1) at z . 2 in the non-
universal IMF scenario. This increase may be particularly im-
portant if the efficiency of formation of type Ia SN depends on
metallicity. In fact, some metallicity dependence has been re-
ported in theoretical studies e.g. Toonen et al. (2012) find that
the formation efficiency of type Ia SN in the double degenerate
channel can be up to 30%-60% higher at low metallicity than at
solar-like metallicities (the authors compare the models at solar
and 5% solar metallicity). Potential correlation between the SN
Ia rate and galaxy metallicity has also been reported (e.g. Cooper
et al. 2009, find enhanced SNIa rate in star forming galaxies with
lower metallicities). Such correlation might be explained by the
metallicity dependence of the IMF expected within the IGIMF
theory.
5. Conclusions
In this study we evaluate the effect of the possible IMF variation
on the distribution of the SFRD over metallicities and redshift.
We also discuss the impact of those variations on the expected
number and metallicity of WD, NS and BH progenitors forming
throughout the cosmic history.
To this end, we use the empirically driven description of the SFR
and metallicity dependent IMF based on the IGIMF-theory to-
gether with the SFR corrections from Jerˇábková et al. (2018).
We apply them to correct the observation-based fSFR(Z,z) from
ChN19 for the underlying environment dependent IMF.
While the recent observational and theoretical studies indicate
clear trends in the changes of the shape of the IMF with SFR
and metallicity, the exact dependence of the IMF on the environ-
ment may yet find some revision. We therefore focus mainly on
the qualitative effect of the applied corrections. Our main con-
clusions are summarised below:
1. fSFR(Z,z) shows a more pronounced low-metallicity tail at
all redshifts in the environment-dependent IMF scenario; the
SFRD is less concentrated in the most massive, metal rich
galaxies than in the universal IMF case.
2. The total SFRD is decreased with respect to the universal
IMF case at all but very low redshifts; the difference in-
creases towards high redshifts and remains within a factor
of ≈2 for the considered IMF variations model.
3. The assumption of the universal IMF may lead to an underes-
timate of the fraction of NS and WD progenitors forming at
low metallicity, especially at low redshifts. It may also lead
to an overestimate in the number of NS and WD progenitors
forming at z & 1 and underestimate of the number of those
stars forming at lower z. The strength of this effect depends
on the fSFR(Z,z). The considered model for the IMF varia-
tions has the strongest effect on the number and metallicity
of formation of the WD progenitors with the masses & 1M,
relevant for the type Ia SN progenitors.
4. The transition from the universal to environment dependent
IMF has little effect on the formation of the BH progeni-
tors; the formation of the most massive BH progenitors at
low metallicity in the local Universe is slightly disfavored in
the non-universal IMF scenario.
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Appendix A: Inferring iron abundances from the
oxygen abundances
The simplest assumption to compare the ZO/H and [Fe/H] metal-
licity measures would be that the [O/H] translates directly to
[Fe/H] (maintaining the solar ratios; i.e. [O/H]=-1 translates to
[Fe/H]=-1 etc.). However, it may not be a very realistic one,
as oxygen and iron are released to the interstellar medium on
different timescales (e.g. Wheeler et al. 1989). While the for-
mer is abundantly produced by massive stars on Myr timescales,
the latter is predominantly released in type Ia SN that show a
much longer (≈ 0.1 - 1 Gyr) delay with respect to the star for-
mation episode. Therefore, young, low–metallicity star–forming
systems are generally expected to be α-enhanced (i.e. show an
overabundance of oxygen relative to iron with respect to solar,
e.g. Zhang & Zhao 2005; Izotov et al. 2006). The difference in
the timescales at which different elements are released to the in-
terstellar medium is also reflected in the [O/Fe] vs [Fe/H] (or
[O/H]) relation of a given stellar system: the oldest and the most
metal–poor stellar populations (with [Fe/H] .-1) are generally
α-enhanced, with [O/Fe] approaching the ratio resulting from the
core-collapse SN yields, but as the type Ia SNe start to release
iron the relation bends, [O/Fe] decreases and gradually reaches
the solar-scaled values. However, the exact form of this relation
(e.g. the location of the ’knee’ and the extreme [O/Fe] values)
depends on the SFH and the IMF of a particular stellar system
and therefore is not universal (e.g. Wheeler et al. 1989; Tolstoy
et al. 2009). For the purpose of this study we assume an example
relation between [O/Fe] and [Fe/H] that takes into account the
overabundance of oxygen at low [Fe/H]:
[O/Fe] =
{
0.5 if [Fe/H] < −1
−0.5 × [Fe/H] if [Fe/H] > −1 (A.1)
which is loosely guided by the Milky Way relation (e.g. Bensby
et al. 2004; Reddy et al. 2006; Bensby et al. 2014; Steidel et al.
2016). This relation is unconstrained at [Fe/H]>0.2 but up to this
point shows no evidence for flattening (as is seen for other α-
elements, e.g. Bensby et al. 2004). We note that whether we as-
sume that there is a flattening above [Fe/H]>0.2 or extrapolate
the relation from lower metallicities has no noticeable impact
on our results. The conversion between ZO/H and [Fe/H] is then
given by the relation:
[Fe/H] = ZO/H − ZO/H − [O/Fe] (A.2)
where ZO/H=12 + log10( OH ) is the solar oxygen abundance. The
resulting ZO/H–[Fe/H] relation is shown in Fig. 3.
Appendix B: The impact of the the IGIMF model and
metallicity conversion
The difference between the IGIMF2 and IGIMF3 models from
Jerˇábková et al. (2018) lies mainly in the description of the
low mass part of the IMF (M∗ < 1M), see Fig. B.1 and 1. In
the IGIMF3 model the low mass end IMF slope is assumed to
follow the tentative empirical metallicity dependence described
in Kroupa (2002b) and Marks et al. (2012b) 9. In the IGIMF2
prescription the low mass part of the IMF is fixed to the MW-like
shape.
9 i.e. α1,2 = αK01;1,2 + 0.5 [Fe/H], where α1 is the IMF slope be-
tween 0.08 - 0.5 M with αK01;1=1.3 and α2 between 0.5 - 1 M with
αK01;2=2.3. The relation was derived between [Fe/H] of -2 dex to 0.2
dex and extrapolated outside this range
In the IGIMF3 prescription, the IMF is increasingly bottom light
at low metallicities, so the formation efficiency of the low-mass
stars (< 1M) is decreased. The difference in the number of stars
forming in this mass range in the IGIMF2 (IGIMF3) scenario
with respect to the universal IMF reaches to a factor of ≈3 (&10)
at high redshifts (see Fig. B.3), where the increasing fraction of
the star formation happens at low metallicity. When the IGIMF2
instead of the IGIMF3 description of the IMF variations is used,
the increase in the fraction of low-mass stars forming at low
metallicity with respect to the universal IMF case in the local
Universe is enhanced by a factor of ≈1.5 - 2.5 (depending on
the fSFR(Z,z) variation). This effect is the strongest for the high
metallicity extreme and this case is shown in Figure B.2. The
shaded areas spanning between the solid and dashed lines in
Fig. B.2 correspond to the fractions obtained using the IGIMF2
and IGIMF3 models respectively. It can be seen that the effect
of the change between the two models on the results concerning
more massive stars (> 1M) is much smaller.
The effect of the choice of the IGIMF2/IGIMF3 model on
the obtained cosmic SFH is negligible (see Fig. C.1). This
choice also affects the global fSFR(Z,z) distribution (the fraction
of stellar mass forming at low metallicity is increased in
the IGIMF2 case with respect to the estimates based on the
IGIMF3 model), but the effect is relatively small. To quantify
the differences between the different fSFR(Z,z) versions, ChN19
compare the fraction of stellar mass that forms since z = 3
at low (< 0.1ZO/H) and high (> ZO/H) metallicity. We note
that those quantities change by less than 2% between the
fSFR(Z,z) obtained using IGIMF2 and IGIMF3 models (for a
certain input universal IMF-based fSFR(Z,z)). For a fixed IMF
model, that difference is at the level of 1% depending on the
adopted metallicity conversion. For comparison, the low and
high metallicity extremes are found to differ by 18% (22%) in
terms of the low metallicity mass fraction and by 26% (20%)
in terms of the high metallicity mass fraction for the universal
(non-universal) IMF scenario.
The additional shaded areas above the thick solid and dashed
lines in Fig. B.2 and Fig. B.3 indicate the fractions that would be
obtained if ZO/H was assumed to translate to [Fe/H] maintaining
the solar abundance ratios, instead of following the conversion
described in Sec. 2. See Sec. 4.1 for discussion.
Appendix C: The impact of the fSFR(Z,z)
The key difference between low and high-Z extreme fSFR(Z,z)
that is responsible for the differences in the ratios shown in Fig.
5 lies in the adopted SFR – (galaxy) mass relation. In the low-Z
extreme the relation is assumed to flatten at high masses, so the
most massive galaxies have much lower SFR than in the high-Z
extreme (up to a factor of ≈100 for the highest masses, see Fig. 5
in ChN19). In the low redshift range this means that all galaxies
in the low-Z extreme form stars at higher rates than expected in
the universal IMF case (i.e. all receive positive corrections, see
Fig. 2), and hence the number of stars forming in different mass
ranges is generally higher in the non-universal than in the uni-
versal IMF case.
The SFR of the highly star forming galaxies in the high-Z ex-
treme is decreased with respect to the universal IMF case even at
low redshifts, which results in smaller (or only slightly increased
at low redshifts) number of stars forming in the non-universal
IMF case with respect to the universal IMF scenario.
The difference in the metallicity description in the low and high-
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Fig. B.1. Galaxy-wide IMFs computed using IGIMF2 as a function of
stellar mass plotted for several values of SFRs (10−3, 1.0, 103 M/yr)
and metallicities (-3, 0 2). The galaxy-wide IMFs are normalised by
their values for 1 M to show the slope changes. Note the main differ-
ence between the IGIMF2 and IGIMF3 (Fig. 1) models are the variation
for the low-mass part of the galaxy-wide IMF.
Z extreme becomes important for the results shown in Fig. 5 only
for the lowest considered mass range, due to strong dependence
of the low mass part of the IMF on metallicity. In the adopted
IMF variations model (IGIMF3 from Jerˇábková et al. (2018) –
this difference does not have a significant effect if the IGIMF2
model is used instead - see App. B), the formation of low-mass
stars is favoured at high metallicities and this counteracts the ef-
fect of the SFR corrections in the metal rich, highly star forming
galaxies on the formation of stars < 1M, leading to relatively
small difference in the ratios obtained for the low and high-Z
extreme in this mass range.
Appendix C.1: The discrepancy at high z reported in ChN19
and the non-universal IMF
The low and high metallicity extremes as discussed above and
referred to throughout this paper were obtained in ChN19 under
the assumption of a non-evolving low mass end slope of the
galaxy stellar mass function. As discussed in ChN19, there are
some observational indications of the steepening trend of this
slope with increasing redshift (see Sec. 3.1 therein). This leads
to an increasing number density of the low-mass galaxies, and
hence the increasing contribution of the star formation at low
metallicity to the total SFRD budget at high z.
This assumption has little effect on the results at z .3. However,
it becomes important at higher z: if the low mass end slope
of the GSMF is allowed to steepen with redshift (and all the
relations are simply extrapolated down to Mgal,∗ = 106M),
the z & 5 fSFR(Z,z) is completely dominated by the low-mass
galaxies and low-metallicity star formation. ChN19 consider
such variations of the fSFR(Z,z) at high z unrealistic, as they
lead to the flattening, or even a secondary peak at z ∼ 7 in the
cosmic SFRD, instead of the observed decrease at z & 2. This
leads to a significant overestimate in the total SFRD at these
high redshifts with respect to other observational estimates of
the cosmic SFRD (see Sec. 4.1.1 and 6.1 therein).
As shown in Sec. 3, the SFRD at high z in the low and high-Z
extremes fSFR(Z,z) is lower in the non-universal IMF than in
Fig. B.2. Ratio of the fraction of stars forming at low metallicity
(ZO/H < 0.1ZO/H) in different mass ranges in the case with the envi-
ronment dependent IMF to the universal IMF as a function of redshift.
The ratios are shown for the high metallicity extreme fSFR(Z,z) from
Chruslinska & Nelemans (2019) and for two non-universal IMF models
from Jerˇábková et al. (2018): IGIMF2 model - solid line; IGIMF3 model
- dashed line. The large shaded area between the solid and dashed lines
spans between the ratios obtained for these two IMF models. The ratios
are also mildly affected by the conversion of 12 + log10(O/H) to [Fe/H]
metallicity measures. The thick solid and dashed curves were obtained
for the default conversion described in Sec. 2. Using conversion main-
taining solar abundance ratios leads to slight increase in the estimated
ratios (thin lines, additional shadings).
the universal IMF scenario. However, the discrepancy reported
in ChN19 in the fSFR(Z,z) cases with steepening low mass end
of the GSMF is due to increasing contribution of the galaxies
of the lowest masses and SFRs. The SFR of those galaxies in
the considered non-universal IMF scenario would be increased
due to positive corrections even at high z (see Fig. 7). The
lowered SFR of the more massive galaxies in the non-universal
IMF scenario is not enough to compensate for that effect and
the high-z SFRD still shows a peak at high z, which in the
non-universal IMF scenario is higher than the peak at z ∼ 2.
This is shown in Fig. C.1 for the high-Z extreme fSFR(Z,z)
example.
We note that the direct comparison of the results discussed in
this study with the observational cosmic SFRD estimates (e.g.
Madau & Dickinson 2014; Bouwens et al. 2015; Madau &
Fragos 2017; Fermi-LAT Collaboration et al. 2018) as done
in ChN19 is no longer possible, as those estimates assume the
universal IMF.
The assumption about the low mass end slope of the GSMF
would also affect the results shown in Fig. 5 and Fig. 6 at
high redshifts. The fraction of the number of stars forming
in the non-universal versus universal IMF scenario for dif-
ferent assumptions about the low mass end of the GSMF is
demonstrated in Fig. C.2. If the low mass end of the GSMF
steepens with redshift, the number of stars forming at z & 3
in the massive WD progenitor and NS and lower mass BH
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Fig. B.3. Ratio of the number of stars forming in different mass ranges
in the case with the environment dependent IMF to the universal IMF
as a function of redshift. The ratios are shown for the high metallicity
extreme fSFR(Z,z) from Chruslinska & Nelemans (2019) and for two
non-universal IMF models from Jerˇábková et al. (2018): IGIMF2 model
- solid line; IGIMF3 model - dashed line. The large shaded area between
the solid and dashed lines spans between the ratios obtained for these
two IMF models. The ratios are also mildly affected by the conversion
of the 12 + log10(O/H) to [Fe/H] metallicity measures. The thick solid
and dashed curves were obtained for the default conversion described
in Sec. 2. Using conversion maintaining solar abundance ratios leads to
slight increase in the estimated ratios (thin lines, additional shadings).
progenitor mass range is increased in the non-universal with
respect to universal IMF scenario. In that case the star formation
at high z happens predominantly in galaxies with low metallicity
and SFR ≈ 0.1M/yr that in the adopted non-universal IMF
scenario have simultaneously bottom and top light IMFs, which
favours the formation of stars in this mass range with respect to
universal IMF. The main difference in the ratio of the fraction
of stars forming at low metallicity in the non-universal versus
universal IMF case due to the GSMF with the steepening slope
would be an earlier decrease at z > 2 (as the fraction of stars
forming at low Z approaches 1 at lower redshift in this GSMF
variation).
Appendix D: Zoom into the type Ia SN progenitor
mass range
Figure D.1 shows the fraction of low-metallicity stars and the
number of stars forming between 3 - 8 M mass range in the non-
universal and universal IMF scenario. The additional shadings
demonstrate the difference between the IGIMF2 and IGIMF3
(Fig. 7) non-universal IMF models.
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